Coordination of the cell division cycle with the growth of the cell is critical to achieve cell size homeostasis [1] . Mechanisms coupling the cell division cycle with cell growth have been described across diverse eukaryotic taxa [2] [3] [4] , but little is known about how these processes are coordinated in organisms that undergo more complex life cycles, such as coenocytic growth. Coenocytes (multinucleate cells formed by sequential nuclear divisions without cytokinesis) are commonly found across the eukaryotic kingdom, including in animal and plant tissues and several lineages of unicellular eukaryotes [5] . Among the organisms that form coenocytes are ichthyosporeans, a lineage of unicellular holozoans that are of significant interest due to their phylogenetic placement as one of the closest relatives of animals [6] . Here, we characterize the coenocytic cell division cycle in the ichthyosporean Sphaeroforma arctica. We observe that, in laboratory conditions, S. arctica cells undergo a uniform and easily synchronizable coenocytic cell cycle, reaching up to 128 nuclei per cell before cellularization and release of daughter cells. Cycles of nuclear division occur synchronously within the coenocyte and in regular time intervals (11-12 hr). We find that the growth of cell volume is dependent on concentration of nutrients in the media; in contrast, the rate of nuclear division cycles is constant over a range of nutrient concentrations. Together, the results suggest that nuclear division cycles in the coenocytic growth of S. arctica are driven by a timer, which ensures periodic and synchronous nuclear cycles independent of the cell size and growth.
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In Brief
Ondracka et al. describe the highly regular and experimentally tractable coenocytic cell cycle of an ichthyosporean Sphaeroforma arctica, one of the closest unicellular relatives of animals. They show that the periodic nuclear division cycles are driven by a clock-like mechanism that operates independently of the cell size.
SUMMARY
Coordination of the cell division cycle with the growth of the cell is critical to achieve cell size homeostasis [1] . Mechanisms coupling the cell division cycle with cell growth have been described across diverse eukaryotic taxa [2] [3] [4] , but little is known about how these processes are coordinated in organisms that undergo more complex life cycles, such as coenocytic growth. Coenocytes (multinucleate cells formed by sequential nuclear divisions without cytokinesis) are commonly found across the eukaryotic kingdom, including in animal and plant tissues and several lineages of unicellular eukaryotes [5] . Among the organisms that form coenocytes are ichthyosporeans, a lineage of unicellular holozoans that are of significant interest due to their phylogenetic placement as one of the closest relatives of animals [6] . Here, we characterize the coenocytic cell division cycle in the ichthyosporean Sphaeroforma arctica. We observe that, in laboratory conditions, S. arctica cells undergo a uniform and easily synchronizable coenocytic cell cycle, reaching up to 128 nuclei per cell before cellularization and release of daughter cells. Cycles of nuclear division occur synchronously within the coenocyte and in regular time intervals (11-12 hr) . We find that the growth of cell volume is dependent on concentration of nutrients in the media; in contrast, the rate of nuclear division cycles is constant over a range of nutrient concentrations. Together, the results suggest that nuclear division cycles in the coenocytic growth of S. arctica are driven by a timer, which ensures periodic and synchronous nuclear cycles independent of the cell size and growth.
RESULTS

Description of the S. arctica Life Cycle
Among ichthyosporeans, several species have been described to form multinucleate coenocytes [7] [8] [9] [10] , and it has been suggested that there might be a direct evolutionary relationship between ichthyosporean coenocytes and animal multicellularity [9] . In this work, we focus on Sphaeroforma arctica, an ichthyosporean first isolated from an arctic marine amphipod [11] and whose nuclear genome has been sequenced [12] . Due to its relatively simple, linear life cycle (see below; [11] ), S. arctica is an attractive model to study the coenocytic cell cycle of unicellular eukaryotes.
We first characterized the life cycle of S. arctica in laboratory conditions by microscopy. S. arctica cells were cultured at 12 C in Difco marine broth (MB) medium. Although pseudopodial cells and cells with large vacuoles have been observed in other closely related Sphaeroforma species [13] , the majority of S. arctica cells grown in these conditions exhibit uniformly round morphology, no large vacuoles, and uniformly distributed nuclei within the multinucleate coenocyte ( Figure 1B ), which suggests a simple, linear coenocytic life cycle ( Figure 1C ). Small, newborn cells grow into a multinucleate coenocyte by rounds of synchronous nuclear divisions [9] followed by cellularization and release of the daughter cells (burst). We observed that newborn cells frequently contain two or even four nuclei ( Figure 1B , fourth row, white arrow). This suggests that nuclear divisions already occur inside the cellularized coenocytes before the burst or that cellularization can occur around multiple nuclei.
Using flow cytometry for DNA content measurement, we observed that saturated cultures (grown for >7 days after inoculation into fresh media) contain almost exclusively small cells with low DNA content (corresponding to 1, 2, or 4C DNA content; Figure 1D , time 0 hr). This enabled us to easily synchronize cells in the population by starvation and examine the progression through the coenocytic cycle by measuring DNA content by DAPI staining upon dilution into fresh media. The observed DNA content peaks corresponded to 2-fold increases in fluorescence intensities ( Figure 1D ), consistent with previous findings that nuclear divisions within the coenocyte are synchronized [9] and suggesting that DNA replication also occurs synchronously among nuclei within a coenocyte.
To quantify the fraction of populations of each DNA content, we co-stained multiple samples containing cells of different stages of the coenocytic cycle, used these bins to calibrate the DNA content based on the lowest intensity peak observed (Figure S1B) , and quantified the populations into bins with discrete nuclear content values ( Figure 1E ). The results show that cells progressed through nuclear division cycles with synchrony (all cells in the population increased DNA content at a similar rate). Cells underwent increase in DNA content (rounds of DNA replication and mitosis) for the first 48 hr ( Figure 1E ). Between 48 and 72 hr, the majority of coenocytes burst and gave rise to newborn daughter cells. We observed that the timing of nuclear divisions, timing of burst, and nuclear content of coenocytes at burst were independent of the initial dilution of the culture (Figures 1E , S2A, and S2B), indicating that cell density has no effect on the progression through the coenocytic cycle.
We also tested the effect of temperature on the progression of the coenocytic cycle. We observed that higher temperatures speed up the rate of nuclear division and the timing of release of daughter cells ( Figure S2C ), although the DNA content of the coenocyte at burst and final density of cells at saturation remained the same regardless of temperature ( Figure S2D ). Thus, increased temperature speeds up the rate of the nuclear cycles but does not affect the features of the coenocytic cell cycle. coenocytic cycle, the cultures were highly diluted (1:1000 initial culture dilution). For cells grown in 13 MB, we observed that the rate of nuclear division was constant throughout the entire coenocytic cycle (Figures 2A and 2C , dark blue line), and nuclear division cycles were periodic and occurred, on average, with doubling time approximately 11-12 hr ( Figure 2D ).
Nuclear Division Cycles Occur in Regular Time
Next, we wanted to estimate the cell-to-cell variability in the duration of nuclear division cycles. Intuitively, if cells within the population would progress through nuclear division cycles with high variability in the duration of each nuclear division cycle, this would result in increased asynchrony of the population over time. To quantify the asynchrony of the population, we introduced geometric standard deviation as a metric of population asynchrony and compared experimental results with numerical simulations.
We simulated populations of coenocytes with various degrees of cell-to-cell variability (coefficient of variation [CV] ) in the duration of nuclear division cycles, computed the increase of asynchrony over time in the simulated populations, and compared it to the experimental data (see STAR Methods). As expected, the asynchrony increased more rapidly in simulations of populations with high cell-to-cell variability. Although noisy, the experimental data show no substantial increase of asynchrony over time, comparable to results of simulations 10% CV in nuclear doubling time. Since geometric standard deviation as a metric for asynchrony is very sensitive to outliers in the experimental data (due to, for instance, a small fraction of cells that have escaped the synchrony or cells that have divided early and produced daughter cells at earlier times), this is likely an overestimation, and the actual cell-to-cell variability in nuclear doubling times is likely lower than 10%. We therefore conclude that the nuclear cycles occur with highly regular timing in individual cells.
Finally, we investigated whether the rate of nuclear division cycles depends on nutrient concentration. To do that, we carried out growth experiments with a series of media prepared by dilution of the MB medium with artificial seawater. We find that across 16-fold range of media concentrations, the rate of nuclear content increase was constant throughout the coenocytic growth for all conditions ( Figures 2C and S3 ). Although cells grown in lower media concentrations occasionally burst earlier and at slightly lower nuclear content (presumably due to consumption of nutrients; Figure S3 ), the doubling time of nuclear content (approximately 11-12 hr) was constant and independent of nutrient concentration across the wide range (13 to 1/163) of media concentrations (Figures 2C and 2D) .
Concentration of Nutrients Modulates the Rate of Growth of Cell Volume
Next, we investigated the effect of nutrient concentration on cell volume. We had initially observed that cells in saturated cultures are able to pass through an 8-micron filter, while newborn cells born from earlier cultures where nutrients were not yet depleted did not pass through the filter (data not shown). This led us to hypothesize that nutrient concentration might affect the rate of cell growth.
To assess the cell size over the time course in different nutrient concentrations, we first examined the flow cytometry data. Forward scatter (FSC) and side scatter (SSC) measurements generally provide information about cell size and cell shape [15] . Flow cytometry analysis of the sample containing a mixture of cells from different stages revealed that for S. arctica cells, SSC signal captures more variance than FSC signal ( Figure S1A ). Therefore, we used SSC signal as a proxy for cell volume across the time course experiment for multiple nutrient concentrations. We compared the SSC signal for cells of each nuclear content bin from the experiment described in Figure 3 at the time point where the population was most abundant ( Figure 3A) . Although SSC measurements have limited sensitivity, we observed a general trend of decreasing cell size for each DNA content bin, including for the newborn 2C cells ( Figure 3A ). This result suggests that cell volume is affected by nutrient concentration in the media; the higher the nutrient concentration, the faster the cells grow and the bigger the cell size at certain DNA content.
To measure the cell volume at each DNA content using a direct method, we used fluorescence-activated cell sorting (FACS) to isolate fixed and DAPI-stained cells from cultures at either 48 or 60 hr after dilution into either 13 or 1/23 MB media ( Figure S4 ) and measured the cell volume by Coulter counter. We found that for 16C and 32C cells (coenocytes before cellularization), as well as 2C (newborn) cells, the cell volume was significantly bigger in cells grown in 13 media than in 1/23 media ( Figure 3B ). These results confirm the flow cytometry measurements.
We further confirmed this result using a microscopy and quantitative image analysis-based approach. We imaged fixed and DAPI-stained cells from cultures at various time points and analyzed individual cells by counting the number of nuclei and measuring cell volume (Figures 4A-4C) . Consistent with flow cytometry and Coulter counter measurements, cell volume was found to be smaller for cells grown in lower media concentration when comparing cells with the same numbers of nuclei ( Figures 4A and 4C) . Additionally, we observed that nuclear number-to-volume ratio, as expected, increases when nutrient concentration is reduced ( Figure 4B ), but remains constant over time for each media concentration. This result shows that cells become more compact in lower nutrient concentration.
Finally, we measured cell size growth using time-lapse live imaging across the different media concentrations to exclude the possibility that the differences in cell volume might have been introduced by cell fixation. While live cell imaging did not allow us to simultaneously assess nuclear division cycles during growth, we show that cell growth is significantly slowed down in lower nutrient concentrations compared to 13 MB ( Figures 4D-4F and Video S1). Taken together, measuring cell size using multiple methods indicates that the rate of growth of the cell volume decreases in lower media concentration; cells at lower nutrient concentration grow in volume more slowly and give rise to smaller newborn cells. This shows that the regularly timed and synchronous nuclear division cycles operate under a mechanism that is driven primarily by time keeping and is independent of cell size ( Figure 4G ).
DISCUSSION
Multinucleate cells are commonly found in nature. They are present in some animal and plant tissues, animal embryos, and protists. Among unicellular eukaryotes, in addition to ichthyosporeans, multinucleate cells are found in highly divergent lineages, such as amoebozoans, in several algal lineages within Archaeplastida, and in several lineages of Rhizaria and Excavata [5] . Among opisthokonts (i.e., the clade that contains animals, fungi, and their unicellular relatives), multinucleate cells, in addition to animals and ichthyosporeans, are found in most early branching fungal lineages, such as aphelids [16] , rozellids [17] , chytrid fungi [18] , and filamentous ascomycetes. While it is probable that the multinucleate life stage evolved independently multiple times in distantly related lineages, a widespread presence of coenocytes in opisthokontal lineages suggests that a common ancestor of opisthokonts might have had a life cycle that included a coenocytic life stage. However, despite the widespread presence of coenocytes, studies of the coordination of cell growth, nuclear divisions, and cell divisions have been limited to few systems.
The coupling of the cell division cycle and cell growth has been viewed in terms of ''sizers,'' ''timers,'' and ''adders'' [19, 20] . Timers require a certain time delay within a cell cycle interval to pass, regardless of cell size, while sizer or adder mechanisms require that cells pass a certain size threshold or grow by a certain amount, respectively. Unicellular organisms have to regulate their cell size to maintain cell size homeostasis. Indeed, it has been shown for multiple organisms that cells implement size control in various cell cycle intervals. For instance, in budding yeast, the sizer acts in the G1 phase of the cell cycle [21, 22] , while fission yeast exhibit a sizer in the G2 phase [23, 24] . Likewise, multiple bacterial species exhibit adders [25] .
In contrast to the unicellular eukaryotes where cell cycle is intrinsically coupled to cell growth, early embryonic cell cycles in animals perform rapid, precisely timed, and synchronous divisions [26] . These initial cell divisions in animal embryos occur in constant volume and therefore do not need to be coupled to cell growth as in unicellular organisms. In some animal embryos, such as in well-studied insect Drosophila melanogaster, initial embryonic cell division cycles occur synchronously in a shared cytoplasm [27] , whereas in the majority of other animals, each nuclear division is followed by cytoplasmic cleavage. However, in either scenario, the divisions are precisely timed, are synchronous, and exhibit a timer [28] .
Here, we show that, in laboratory conditions, the coenocytic cell cycles in the ichthyosporean S. arctica, a close relative of animals, operates, as in early animal embryos, as a timer for a wide range of growth rates. We demonstrate this by showing that modulating the cell growth rate and cell size does not affect the periodicity and timing of nuclear division cycles. The regulation of the cell size and the cell cycle of S. arctica is therefore distinct from the regulation of the cell cycle in multinucleate filamentous fungi, where nuclear divisions within the coenocyte are asynchronous and individual nuclei control local cytoplasm growth [29] [30] [31] , and appears reminiscent of the synchronous cell cycles in early animal embryos. The uniqueness of these cell cycle features, the experimental tractability due to its simple life cycle in laboratory conditions, and evolutionary relevance due to its phylogenetic placement suggest S. arctica as an interesting novel model system for the studies of the cell cycle.
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Detailed methods are provided in the online version of this paper and include the following: 
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